The cisternal organelle that resides in the axon initial segment (AIS) of neocortical and hippocampal pyramidal cells is thought to be involved in regulating the Ca 21 available to maintain AIS scaffolding proteins, thereby preserving normal AIS structure and function. Through immunocytochemistry and correlative light and electron microscopy, we show here that the actin-binding protein a-actinin is present in the typical cistenal organelle of rodent pyramidal neurons as well as in a large structure in the AIS of a subpopulation of layer V pyramidal cells that we have called the ''giant saccular organelle.'' Indeed, this localization of a-actinin in the AIS is dependent on the integrity of the actin cytoskeleton. Moreover, in the cisternal organelle of cultured hippocampal neurons, a-actinin colocalizes extensively with synaptopodin, a protein that interacts with both actin and a-actinin, and they appear concomitantly during the development of these neurons. Together, these results indicate that a-actinin and the actin cytoskeleton are important components of the cisternal organelle that are probably required to stabilize the AIS.
Introduction
The axon initial segment (AIS) is considered to be the site where action potentials are generated, particularly due to the local concentration of voltage-gated ion channels in this region (Stuart et al. 1997; Garrido et al. 2003; Inda et al. 2006; Kole et al. 2008; Yu et al. 2008; Rasband 2010) . The integrity of the actin and microtubule cytoskeleton in the AIS is necessary to preserve its normal structure and function (Winckler et al. 1999; Tapia et al. 2010) , and this is at least partially reflected by the ability to regulate local Ca 2+ levels. Indeed, Ca 2+ -mediated proteolysis of the AIS cytoskeleton produces a dispersion of Na + channels (Schafer et al. 2009 ), and Ca 2+ -mediated activitydependent plasticity leads to the topographic redistribution of Na + channels within the AIS (Kuba et al. 2010; Grubb and Burrone 2010a) . The cisternal organelle consists of stacks of membranous cisternae derived from the smooth endoplasmic reticulum, the outermost of which are attached to the axonal plasma membrane (Palay et al. 1968; Peters et al. 1968; Jones and Powell 1969; Sloper and Powell 1979; Kosaka 1980; Somogyi et al. 1983; Benedeczky et al. 1994; Jedlicka et al. 2008) . In neocortical and hippocampal cells, the cisternal organelle is thought to provide the AIS with the ability to regulate changes in cytosolic Ca 2+ concentrations (Bas Orth et al. 2007; Sa´nchez-Ponce, et al. 2011b) , likely including the transient elevations of AIS Ca 2+ concomitant with action potential generation (Yu et al. 2008 (Yu et al. , 2010 Bender and Trussell 2009) . The expression of the SERCA-type Ca 2+ pump (Benedeczky et al. 1994) , the inositol 1,4,5-trisphosphate (IP 3 ) receptor Ca 2+ channel (IP 3 R), and the calcium-binding protein annexin 6 (Yamatani et al. 2010; Sa´nchez-Ponce et al., 2011b) in this structure provides further evidence that the cisternal organelle is involved in regulating Ca 2+ . Ankyrin G and the actin cytoskeleton are important elements that maintain the integrity of the cisternal organelle in cultured hippocampal cells, as actin-depolymerizing agents affect its stability in the AIS. In addition, the protein synaptopodin is required to recruit the cisternal organelle to the AIS of neocortical and hippocampal cells (Bas Orth et al. 2007) . Synaptopodin is an actin interacting regulatory protein with multiple binding sites for the ubiquitously expressed protein a-actinin (Mundel et al. 1997; Asanuma et al. 2005; Kremerskothen et al. 2005; Faul et al. 2007; Okubo-Suzuki et al. 2008 ). a-actinin belongs to a family of actin-binding proteins that cross-link and bundle actin filaments (Otey and Carpen 2004) , which includes spectrins, dystrophin, and utrophin (Blanchard et al. 1989; Pascual et al. 1997; Asanuma et al. 2005 ). Accordingly, a-actinin is involved in the organization of the submembranous cortical cytoskeleton where it induces the formation of isotropic networks of short-branched bundles of actin filaments (Wachsstock et al. 1993; Pelletier et al. 2003) . However, synaptopodin may regulate the actin-bundling activity of a-actinin by altering its affinity for actin, inducing the formation of long-unbranched parallel bundles of filaments (Asanuma et al. 2005) .
Synaptopodin and a-actinin generally colocalize in the hippocampus (Asanuma et al. 2005) , and both a-actinin (Capani et al. 2001 ) and synaptopodin are found in dendritic spines including the spine apparatus. In these structures, synaptopodin is required for the formation and dynamic reorganization of the actin cytoskeleton, and it serves a role in shaping spines and/or linking the actin cytoskeleton with synaptic membrane proteins (Vlachos et al. 2009 ). In the AIS, synaptopodin has been found in the cisternal organelle (Bas Orth et al. 2007; Sa´nchez-Ponce et al. 2011b) , and while it remains unclear whether a-actinin is associated to the cisternal organelle in the AIS, it is present in the axon hillock at the base of pyramidal cells (Wyszynski et al. 1997; Di Biase et al. 2008) . Here, we used immunocytochemistry and confocal and electron microscopy to define the distribution a-actinin in the AIS of different populations of mouse and rat neocortical and hippocampal pyramidal neurons. In addition, we analyzed the appearance of a-actinin immunoreactivity during the development of the AIS, and its colocalization with synaptopodin and actin filaments in cultured hippocampal cells. Finally, we studied the redistribution of a-actinin and synaptopodin in the cisternal organelle following actin depolymerization by cytochalasin D. These results indicate that along with synaptopodin, a-actinin is an important component of the AIS that may contribute to the stabilization of membranous structures, including the cisternal organelle, the morphological features of which are highly dependent on actin microfilaments.
Materials and Methods
Brain Tissue C57BL/6 mice (n = 8 males, aged between 30 and 32 days) and Wistar rats (n = 5 males, aged 30 days) were sacrificed by a lethal intraperitoneal injection of sodium pentobarbital, and they were then perfused intracardially with a saline solution followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). All experiments were performed in accordance with the guidelines established by the European Union regarding the use and care of laboratory animals (86/ 609/EEC). The brain of each animal was removed, postfixed by immersion in the same fixative for 24 h at 4°C, and serial coronal sections (50-lm thick) were obtained with the aid of a Vibratome (St Louis, MO). The sections were then processed for immunocytochemical staining, and some adjacent sections to those used for immunocytochemistry were Nissl stained.
For immunofluorescence staining, the sections were first rinsed in PB and preincubated for 1 h at room temperature in a stock solution containing 3% normal serum of the species in which the secondary antibodies were raised (Vector Laboratories, Burlingame, CA) diluted in PB with Triton X-100 (0.25%). Thereafter, the sections were incubated for 48 h at 4°C in the same stock solution containing the following primary antibodies alone or in combination: mouse anti-a actinin (1:500, Sigma A7811, St Louis, MO), mouse anti-synaptopodin (1:100, Acris MAB4919, Herford, Germany), mouse anti-ankyrin G (1:100, Neuromab 75146, Davis, CA), and rabbit anti-synaptopodin (1:250, Sigma S9442). After rinsing in PB, the sections were incubated for 2 h at room temperature in the appropriate combinations of Alexa 488--or Alexa 594--conjugated goat anti-mouse or goat anti-rabbit antibodies (1:2000; Molecular Probes, Eugene, OR). In some sections, actin filaments were stained with Alexa 488 phalloindin in combination with Alexa 594 a-actinin immunostaining. Finally, the sections were washed in PB, mounted in antifade mounting medium (Invitrogen/ Molecular Probes) and studied by confocal microscopy (Zeiss, 710). Z sections were recorded at 0.2-to 1-lm interval through separate channels and subsequently; ZEN 2009 software (Zeiss) was used to construct composite images from each optical series by combining the images recorded through both channels.
For diaminobenzidine (DAB) immunoperoxidase staining, the sections were washed in PB after binding of the mouse anti-a actinin primary antibodies (1:500, Sigma) and then incubated with biotinylated horse anti-mouse secondary antibodies (1:200; Vector Laboratories) that were detected using the Vectastain ABC immunoperoxidase kit (Vector Laboratories). Antibody labeling for conventional light microscopy was visualized with 0.05% 3,3 diaminobenzidine tetrahydrochloride (Sigma,) and 0.01% hydrogen peroxide. For light microscopy, the sections were rinsed in PB, mounted on glass slides, dehydrated, cleared with xylene, and coverslipped.
Some sections immunostained for a-actinin were processed for electron microscopy, following the same protocol as described above except for the lower concentration of Triton-X in the buffers (0.05%). Once the immunohistochemical staining had been completed, the sections were postfixed in 2% glutaraldehyde in PB for 1 h, treated with 1% osmium tetroxide for 40 min, dehydrated, and flat embedded in Araldite resin. Plastic-embedded sections were studied by correlative light and electron microscopy, as described in detail elsewhere (DeFelipe and Faire´n 1993) . Briefly, sections were photographed under the light microscope and then serially cut into semithin (2-lm thick) sections on a Leica ultramicrotome. The semithin sections were stained with 1% toluidine blue in 1% borax, examined under the light microscope, and then photographed to locate the region of interest.
Serial ultrathin sections (50-to 70-nm thick) were obtained from selected semithin sections on a Leica ultramicrotome, and they were collected on formvar-coated single-slot nickel grids and stained with uranyl acetate and lead citrate. Digital images were captured at different magnifications on a Jeol JEM-1011 transmission electron microscope (JEOL Inc., MA) equipped with a 11 Megapixel Gatan Orius CCD digital camera.
In all cases, Adobe Photoshop CS4 software was used to generate the figures (Adobe Systems Inc., San Jose, CA). Controls were included in all the immunocytochemical procedures, either by replacing the primary antibodies with preimmune goat or horse serum in some sections, by omitting the secondary antibodies, or by replacing the secondary antibody with an inappropriate secondary antibody. No significant immunolabeling was detected under these control conditions.
Neuronal Cultures
Hippocampal neurons were obtained from E17 mouse embryos and prepared as described previously (Banker and Goslin 1988) . Briefly, after dissection of the hippocampus, the tissue was washed 3 times in Ca -free HBSS, and it was then dissociated with a fire-polished Pasteur pipette. The cells were recovered, counted, and resuspended in plating medium (Minimum essential medium + 10% Horse Serum and 0.6% glucose) and seeded at a density of 50 000/cm 2 on polylysine-coated coverslips (1 mg/mL). After 2 h, the medium was replaced with neuronal culture medium (Neurobasal medium + B-27 and glutamax I) and to maintain the neurons for 21 days in vitro (DIV); the cells were transferred to 60 mm plates containing astrocyte monolayers cultured in neuronal medium over the previous 24 h. 1-b-D-arabinofuranosylcytosine (AraC) was added (5 lM) after 2 days in culture to prevent astroglial cell growth. In some cases, neurons were treated between 15 and 17 DIV with 5 lM Cytochalasin D (Sigma). Before analyzing the neurons after different times in culture, the cultures were rinsed and fixed in 4% paraformaldehyde for 20 min.
After fixing the neurons, they were analyzed by immunocytochemistry. After washing in phosphate-buffered saline (PBS), the coverslips were treated with 50 mM NH 4 Cl and incubated in blocking buffer for 45 min (PBS plus 0.22% gelatin and 0.1% Triton X-100). After blocking nonspecific binding, the coverslips were incubated for 1 h at room temperature with the primary antibodies diluted in blocking buffer. Chicken anti-MAP2 (1:5000, Abcam ab5352, Cambridge, UK) and rabbit anti-phospho-IjBa (1:250, Cell Signaling S2859, Beverly, MA) primary antibodies were used either alone or in combination with the primary antibodies indicated above. Secondary antibodies coupled to Alexa 488, Alexa 594, or Alexa 647 were used and raised in donkey or chicken against mouse, rabbit, or goat antibodies (Invitrogen, Carlsbad, CA). In some neurons, actin filaments were stained with Alexa 488 phalloindin (1:100, Invitrogen, A-12379) alone or in combination with a-actinin or synaptopodin immunostaining. 4#,6-diamidino-2-phenylindole (DAPI) (1 lg/mL, Calbiochem, 268298, Nottingham, UK) was used to counterstain the nuclei. After staining, the coverslips were mounted in Fluoromount G (Southern Biotech, Birmingham, AL), and images were obtained using a DP70 camera attached to an Olympus BX51 fluorescence microscope or a laser scanning confocal microscope (Zeiss 710).
Results

Presence of a-actinin and Synaptopodin in the AIS of Neocortical and Hippocampal Pyramidal Neurons
Light Microscopy
When immunostaining for the synaptopodin protein was examined in both the neocortex and hippocampus (Figs 1 and 2), the protein was seen to be distributed in small punctae that in previous studies were considered to correspond to dendritic spines (Deller et al. 2003 Vlachos et al. 2009 ).
In layer III of the neocortex and in the CA1 region, dual immunofluorescence staining for synaptopodin and ankyrin G revealed the presence of elongated elements that were immunoreactive (-ir) for synaptopodin and that were larger than those located in the dendritic spines. Since these structures also contained the AIS marker ankyrin G, synaptopodin was considered to be localized to the AIS (Fig. 1A --C,J--L). Synaptopodin-ir AIS elements were particularly prominent in a population of layer V pyramidal neurons where a single rodshaped synaptopodin-ir process extended through almost the whole length of the AIS (Fig. 1G ,J--L). These rod-shaped synaptopodin-ir processes were frequently a continuation of, and probably arose from, similar elongated structures in the cytoplasm at the base of the pyramidal soma that switched direction to enter the axon hillock and to funnel into the AIS ( Fig. 2A--C) . These rod-shaped synaptopodin-ir processes were more frequently found in the somatosensory and motor areas than in other areas of the frontal parietal, temporal, and occipital neocortex, where they were very scarce.
Immunostaining for a-actinin revealed a similar pattern of immunostaining to that of synaptopodin, both in the neocortex and hippocampal CA1 (Figs 1 and 2 ). In the AIS, a-actinin-ir elements largely colocalized with synaptopodin in doublelabeling experiments, although they were seen variably in the different neuronal populations examined. Antibodies directed against a-actinin labeled the cisternal organelle in layer III Double staining with antibodies directed against a-actinin and Alexa Fluor 488--labeled phalloidin demonstrated that actin filaments associated with a-actinin-ir structures in the AIS. This association included the rod-shaped elements in the AIS of layer V pyramidal cells C) and the elements of the cisternal organelle in CA1 pyramidal cells (Fig. 2H--J) .
Electron Microscopy
Pre-embedding immunoperoxidase labeling and correlative light and transmission electron microscopy (TEM) were used in ultrastructural studies to analyze the subcellular distribution of a-actinin in the AIS (Figs 3 and 4) . Although the a-actinin immunoperoxidase reaction product was evident in dendritic spines and AIS, we focused our attention here on the AIS. Indeed, a-actinin was seen to associate with rod-shaped structures in the AIS of layer V neocortical neurons (Fig. 3 ) and in puncta in the stratum pyramidale of CA1 hippocampal neurons (Fig. 4) . This pattern was first identified in vibratome sections (50-lm thick, Fig. 3A ), which were then embedded in araldite to obtain semithin sections (2-lm thick, Figs 3B and 4A) that were studied by light microscopy. After selecting the field of interest that included the a-actinin-ir AISs, the semithin sections were embedded in araldite to generate ultrathin sections that could be studied by TEM (Figs 3C--E and 4B--I). At the ultrastructural level, the AISs were identified on the basis of the presence of the undercoating beneath the plasma membrane (arrowheads in Figs  3 and 4) and through the microtubule bundles. In the AIS of layer V neocortical pyramidal neurons (Fig. 3) , the distribution of a-actinin varied with respect to that in CA1 cells (Fig. 4) , and the a-actinin-ir rod-like structures do not correspond to the cisternal organelle. Rather, a-actinin appeared to be associated with a very prominent elongated structure that extended throughout the length of the AIS, parallel to the axon's longitudinal axis (Fig. 3D,E) . We refer to this structure as the ''giant saccular organelle,'' which was made up of a discrete number of long tubules and flattened sacs orientated parallel to the long axis of the axon and located between the microtubules and microfilaments. The a-actinin DAB reaction product was observed between the sacs and often, as discontinuous patches along the surfaces of this giant saccular organelle. In addition, bundles of filaments with no a-actinin but preferentially orientated parallel to the giant saccular organelle were frequently found to associate laterally or to terminate in patches of a-actinin (Fig. 3E) . The opposite end of these filaments was often observed to associate with either AIS microtubules or the cytoplasmic side of the plasmalemma. In cross section, these filaments were less than 10 nm in diameter, and the pattern of phalloidin staining in the AIS described above suggests that they were actin microfilaments that might participate in the stabilization of the giant saccular organelle within this population of layer V pyramidal neurons.
In the AIS of CA1 pyramidal neurons and in accordance with previous studies, the cisternal organelle was made up of stacks of flat membranous cisterns with a narrow lumen alternating with electron dense material. The outermost cisternae associated with the inner aspect of the plasma membrane. The a-actinin DAB reaction product was found at different points along the AIS (Fig. 4G) , and it was associated with the dense plates of material located between the membranous cisterns of the cisternal organelle (Fig. 4) . By contrast, it was generally absent from other smooth endoplasmic structures in the AIS.
Cultured Hippocampal Neurons a-actinin Expression in the AIS
In hippocampal neurons cultured for 21 days, a-actinin was detected in the AIS, which was identified by pIjBa immunostaining. As in CA1 tissue, a-actinin labeling in the AIS clustered in numerous small patches along the length of the AIS (Fig. 5A--H) , which probably corresponded to the cisternal organelle. Large and round or slightly elongated a-actinin-ir elements were enriched in the AIS but not in the more distal regions of the axon or in dendritic processes. Due to the similar distribution of a-actinin and synaptopodin in the AIS (Bas Orth et al. 2007 ; Sa´nchez-Ponce et al. 2011b), we performed double staining to assess whether they might colocalize. Indeed, a-actinin largely colocalized with synaptopodin in the vast majority of neurons, suggesting a structural and/or functional association (Fig. 5E--H) . The a-actinin-ir rod-shaped structure in the AIS of layer V pyramidal neurons (AIS) was identified by light microscopy in vibratome sections (50 lm, A) and in semithin sections (2 lm) and by electron microscopy in ultrathin sections (70 nm, C--E). The boxed regions in A and B are shown at higher magnification in B and C, respectively. Note that the a-actinin reaction product is found in a central tubular structure that extends along the length of the AIS (arrows in D), and the patches of a-actinin reaction product (asterisks) are associated with microfilaments. Arrowheads point to the AIS undercoat. mt: microtubules. Scale bar: 16 lm in A, 11 lm in B, 6 lm in C, 800 nm in D, and 270 nm in E.
a-actinin in the Axon Initial Segment d Sa´nchez-Ponce et al.
Developmental Expression of a-actinin in the AIS
We studied the expression and localization of a-actinin in cultured hippocampal neurons at different stages of development (1, 3, 5, 8, 10, 13, 15, 18 , and 21 DIV: Fig. 6 ). In this model, an axon first appears in these cells after 24--36 h in culture (Banker and Goslin 1988) , and before axon outgrowth, mild a-actinin immunostaining was observed in the soma with more intense staining at the tips of neurites, as reported previously for synaptopodin (Sa´nchez-Ponce et al. 2011b) . During the first week in vitro, a-actinin was virtually absent from the AIS of neurons (Fig. 6A--C) , after which the proportion of neurons with large particles along the length of the AIS, containing a-actinin, increased progressively as development proceeded (0% at 24 and 72 h, 2.21 ± 0.84% at 5 DIV, 9.97 ± 3.12% at 8 DIV, 24.21 ± 2.73% at 10 DIV, 31.01 ± 2.3% at 13 DIV, 40.31 ± 0.71% at 15 DIV, 42.87 ± 1.62% at 18 DIV, and 47.76 ± 2.90% at 21 DIV; data obtained from 3 separate experiments where n > 100 for each time point and experiment: Fig. 6 ). In addition, from around 15 DIV, synaptopodin-ir puncta were observed in dendritic processes, probably corresponding to dendritic spines where a-actinin has been located previously (Nakagawa et al. 2004 ). Numerous large puncta of a-actinin immunostaining were identified by light microscopy (boxed regions in A) and are shown at higher magnification in different ultrathin sections (B and E). C--D and F are higher magnifications of B and E, respectively. G shows 2 a-actinin-ir puncta (5 and 6) corresponding to the cisternal organelles of a single AIS shown at higher magnification in H and I. Note that the a-actinin reaction product associates with the dense plates between the membranous cisterns of the cisternal organelles. Asterisks label the position of neuronal cell bodies. ais, axon initial segment; mt, microtubules. Scale bar: 17 lm in A; 6 lm in B; 620 nm in C; 500 nm in D, F, H, and I; 1.6 lm in E; and 1.3 lm in G.
The Clustering of a-actinin in the AIS Depends on the Actin Cytoskeleton The cisternal organelle was recently shown to be stabilized by the actin cytoskeleton since depolymerization induced by cytochalasin D affects both the structural and neurochemical features of the cisternal organelle (Sa´nchez-Ponce et al. 2011b ). We analyzed the distribution of a-actinin in the AIS after treatment with the actin-depolymerizing agent cytochalasin D (Figs 7--9) to determine whether actin filaments might stabilize the cisternal organelle and the concentration of a-actinin in the AIS. Under our conditions, Cytochalasin D treatment effectively disrupted the actin cytoskeleton, as witnessed by the change in the patterns of phalloidin staining when compared with control neurons (Fig. 7A,B) , although the general morphology of neurons does not seem to be affected, as revealed by MAP immunostaining (Fig. 7C,D) . Indeed, Cytochalasin D altered phalloidin staining in both the somatodendritic domain and in axons, which were considered as individual MAP2-negative processes exiting the cell body (Fig. 7E--J) . The shape of the a-actinin-ir elements was also affected, changing from round to elongated structures, and increasing in length in neurons treated with cytochalasin D (Fig. 8) . These changes not only affected the a-actinin-ir elements in the AIS, as identified by pIjBa immunostaining, but also those located in the cell body and dendritic processes (Fig. 8G,H) . In addition, a-actinin colocalized fully with synaptopodin in AIS processes of control neurons (Fig. 8D--F) and in the elongated structures formed in the different neuronal compartments in the presence of cytochalasin D, including the AIS (Fig. 8H,L--N) .
These results indicate that the integrity of the actin cytoskeleton does not seem to be required for the structural and/or functional association of a-actinin and synaptopodin. However, they show that in addition to synaptopodin, the strategic position of a-actinin is affected by the polymerized state of the actin microfilaments and that the actin cytoskeleton plays an active role in maintaining the morphological features of the cisternal organelle in the AIS. In keeping with the results from brain sections, phalloidin-labeled actin filaments were associated with the a-actinin-ir in the AIS of control hippocampal cultured cells (Fig. 9A--D,I--L) . Moreover, cytochalasin D altered the patterns of phalloidin staining in different cell regions, including the AIS, reflecting the effect of F-actin depolymerization in our conditions (Fig. 9E,H,M,Q) . These modifications were associated with the elongation of the synaptopodin-ir (Fig. 9E--H) and a-actinin-ir AIS (Fig. 9M--Q) , further supporting the involvement of the actin cytoskeleton in the maintenance of the morphological features of the cisternal organelle in the AIS. 
Discussion
The a-actinins accumulate in different types of cell junctions, most notably at focal adhesions. These proteins are associated to the submembranous cytoskeleton where in conjunction with actin, a-actinin creates isotropic networks of shortbranched bundles of actin filaments (Wachsstock et al. 1993; Clark and Brugge 1995; Pelletier et al. 2003; Otey and Carpen 2004) . In addition, this protein can interact with a variety of cytoskeletal-and membrane-associated proteins (Blanchard et al. 1989 ). Among other a-actinin isoforms, a-actinin-2 (the sarcomeric form) is expressed in the brain (Wyszynski et al. 1997; Walikonis et al. 2000 Walikonis et al. , 2001 as well as being widely expressed in skeletal and cardiac muscle fibers (Lek et al. 2010 ). In the neocortex and hippocampus, prominent a-actinin-2 expression has been described in a laminar and regional manner, mainly in punctuate structures in the neuropil and in the cell body of specific interneuron populations (Wyszynski et al. 1998; Ratzliff and Soltesz 2001; Price et al. 2005; Kubota et al. 2011) . Punctuate structures immunoreactive for a-actinin-2 mainly correspond to the dendritic spines of cortical principal cells in which a-actinin-2 accumulates in the postsynaptic density and the spine apparatus (Wyszynski et al. 1998) .
In addition to dendritic spines, elongated puncta of a-actinin-2 were evident as dashed lines extending a short distance from the base of pyramidal cells (Wyszynski et al. 1998) , which were proposed to correspond to either the AIS or intradendritic structures (Wyszynski et al. 1998) . The colocalization with AIS markers here demonstrates that a-actinin-2 is a component of the AIS in different populations of principal neurons in the rodent neocortex and hippocampus. Given its ability to cross-link actin filaments, a-actinin-2 could be an important structural component of the cytoskeleton potentially stabilizing the cisternal organelle in the AIS. Here, we show that a-actinin largely colocalizes with synaptopodin and actin filaments, indicative of a functional association between them. At the ultrastructural level, a-actinin-2 distributes in the typical cistenal organelle of the AIS of CA1 pyramidal neurons, where it is associated with the dense plates of material located between the membranous cisterns. A similar distribution was previously described for synaptopodin (Bas Orth et al. 2007) , suggesting that both proteins may contribute to the structural maintenance of the cisternal organelle.
Another interesting finding of this study is that the giant saccular organelle is only found in the AIS of a subpopulation of layer V pyramidal neurons, a prominent specialization in these particular neurons. Although contacts between the giant saccular organelle and the AIS plasma membrane were occasionally found, it seems to correspond to a specialization Figure 6 . Maturation of a-actinin-2 expression in developing hippocampal neurons. Hippocampal neurons were grown in vitro at low density for different lengths of time (5000/ cm 2 ), fixed in 4% paraformaldehyde, and doubled stained with antibodies against a-actinin-2 (green) and pIjBa (red), before they were counterstained with DAPI (blue). Images show diffuse a-actinin-2 immunostaining in the cell bodies. From 10 DIV onward (G--L), a-actinin-2 clustered in large and intensely stained patches in the initial segment of a single-process emerging from the soma, which was identified as the AIS (arrows) by the presence of pIjBa. Also note that a-actinin-2 is absent from the AIS during the first 10 DIV. Scale bar indicates 7 lm.
of the central component of the axonal smooth endoplasmic reticulum (Peters et al. 1991) , comprised of long tubules and sacs of irregular shape oriented parallel to the long axis of the axon. This structure is mainly located in a central position within the AIS, and it extends throughout its length. These features contrast with those of the cisternal organelle, present in the principal neurons of a variety of neocortical areas and layers, and in regions of the hippocampus, which may represent the peripheral component of the axonal smooth endoplasmic reticulum (Peters et al. 1991) . Indeed, this organelle is made up of stacks of membranous cisternae, the outermost of which are attached to the axonal plasma membrane, often associated with regions of the AIS that receive synaptic contacts (i.e., Kosaka 1980) . In contrast to the cisternal organelle, the giant saccular organelle also appears to extend through the axon hillock and the cytoplasm at the base of the pyramidal soma, and it could be continuous with endoplasmic reticulum of the cell body. These observations further emphasize the important differences in AIS organization between neuronal populations (e.g., see Lorincz and Nusser 2008) . The function of the giant saccular organelle in the AIS of layer V neurons remains unknown and whether it is involved in storing and regulating Ca 2+ release, as proposed for the cisternal organelle in other neuronal populations (Benedeczky et al. 1994 , Bas Orth et al. 2007 Sa´nchez-Ponce et al. 2011b) , is an interesting possibility that should be evaluated in further studies.
The giant saccular organelle expresses synaptopodin and a-actinin and, at the ultrastructural level, numerous microfilaments associate with patches of a-actinin-2. These microfilaments were often seen to contact adjacent microtubules and the cytoplasmic face of the plasma membrane, and they would appear to participate in the structural support provided to the giant saccular organelle. This organization is reminiscent of the situation in muscle cells in which a-actinin forms a complex with other proteins, including myopodin (the equivalent to synaptopodin in muscle cells) in the Z disks. In these cells, a-actinin participates in Z-disk assembly, the antiparallel crosslinking of actin filaments from adjacent sarcomeres, and in associating and stabilization the nascent myofibrils to the sarcolema (Weins et al. 2001; Faul et al. 2007; Schroeder et al. 2008; Linnemann et al. 2010 ).
In Vitro Development and Stabilization of the Cisternal Organelle In the light of earlier observations (Sa´nchez-Ponce, et al. 2011a,b) , we demonstrate here that a-actinin and synaptopodin colocalize to a large extent and that they appear concomitantly during the development in the AIS of cultured mouse hippocampal neurons. These proteins are only present at the AIS well after it is organized and expresses other molecules relevant for its development and activity, such as pIjBa, CK2, ankyrin G, and Na + channels (Sa´nchez-Ponce et al. 2008; 2011a,b) . This is consistent with previous studies in cultured hippocampal neurons in which a punctuate distribution of a-actinin-2 commences at 10 DIV . Indeed, data from the rat hippocampus and neocortex indicate that although a-actinin-2 is expressed as early as P1, its expression and distribution augments progressively and matures during the first 2 postnatal weeks (Wyszynski et al. 1998; Ratzliff and Soltesz 2001) . The delayed expression of a-actinin-2 and synaptopodin in the AIS seen here may be related to the late appearance of the cisternal organelle in cultured hippocampal neurons, which coincides with the appearance of IP 3 R1 and annexin 6 in the AIS Sa´nchez-Ponce et al. 2011b ) and that could be related to the maturation of the ability to regulate Ca 2+ in the AIS. The scaffolding protein ankyrin G is an essential organizer of AIS assembly (Zhou et al. 1998; Jenkins and Bennett 2001; Hedstrom et al. 2008; Sobotzik et al. 2009; Rasband 2010; Sa´nchez-Ponce et al. 2011b) , and the development of the cisternal organelle is also an ankyrin G--dependent process. Indeed, the expression of synaptopodin, IP 3 R1, and annexin 6 is impaired in the AIS of ankyrin G--deficient cultured hippocampal neurons (Sa´nchez-Ponce et al. 2011b ). In addition to ankyrin G, the formation of the cisternal organelle is also critically dependent upon the presence of synaptopodin between the membranous cisterns (Bas ). Moreover, the accumulation of annexin 6 and IP 3 R1 in AIS microdomains is also dependent on the integrity of the actin cytoskeleton (Sa´nchez-Ponce et al. 2011b) . Indeed, the actin-depolarizing agent cytochalasin D reduces the number of synaptopodin positive processes in the AIS and alters their shape (Sa´nchez-Ponce et al. 2011b) . Likewise, the morphological features of the a-actinin-2-ir elements in the AIS of cultured hippocampal cells are also affected by cytochalasin D, in accordance with previous studies showing that F-actin is responsible for the anchoring and synaptic localization a-actinin-2 in dendritic spines (Allison et al. 2000) . Together, this indicates that the actin cytoskeleton is implicated in the positioning, stabilization, and neurochemistry of the cisternal organelle. The relevance that this might have for the spatiotemporal regulation of Ca 2+ concentrations in the AIS of principal hippocampal cells should be evaluated in further studies. As annexin 6 interacts with a-actinin (Mishra et al. 2011 ), F-actin interacts with IP 3 Rs (Fujimoto et al. 1995) , and actin polymerization modulates Ca 2+ release from IP 3 sensitive stores (Wang et al. 2002) , it is possible that synaptopodin and/or a-actinin in the AIS are involved in the interactions necessary to recruit IP 3 R1 or annexin 6 to AIS microdomains.
The interaction of a-actinin and actin is dynamic (Hotulainen and Lappalainen 2006) and subject to regulation by PIP 2 (Fukami et al. 1992) and Ca 2+ (Duhaiman and Bamburg 1984) , the latter inhibiting the actin-binding activity of purified brain a-actinin (Duhaiman and Bamburg 1984) . However, it remains to be clarified whether the activity-driven and Ca 2+ -mediated AIS plasticity leading to structural changes in the length and position of the AIS (Kuba et al. 2010 , Grubb and Burrone 2010a , 2010b ) depends on the plastic changes in the cisternal organelle in which a-actinin-2 is involved.
Although the precise functions that a-actinin-2 fulfills in the AIS are unknown, it could participate in the anchoring of ion channels and receptors. Indeed, in cardiomyocytes, the correct membrane localization of small conductance Ca 2+ -activated K + channels (SK2 or K Ca 2.2) is dependent on its interaction with a-actinin 2 (Lu et al. 2009 ). In neurons, a-actinin-2 links NMDA receptor subunits to the cytoskeleton, possibly modulating NMDA receptor function and localization in dendritic spines (Wyszynski et al. 1997; Allison et al. 1998; Zhang et al 1998; Krupp et al. 1999; Dunah et al. 2000; Rycroft and Gibb 2004) . a-actinin-2 also binds to CaMKII (Walikonis et al. 2001) , and in dendritic spines, the clustering of a-actinin-2 and CaMKIIa depends on F-actin (Allison et al. 1998 (Allison et al. , 2000 . In the AIS, cross-linking by a-actinin-2 could also indirectly modulate the activity of any protein associated to the actin cytoskeleton, such as bIV spectrin, ankyrin G, VGSC (Rasband 2010) , and the CaMKIIa kinase (Hund et al. 2010 ). 
